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ABSTRACT. Graphene’s (GR) remarkable mechanical and electrical properties - such as its Young’s 
modulus, low mass per unit area, natural atomic flatness and electrical conductance - would make it 
an ideal material for micro and nanoelectromechanical systems (MEMS and NEMS). However, the 
difficulty of attaching GR to supports, coupled with naturally occurring internal defects in a few layer 
GR can significantly adversely affect the performance of such devices. Here, we have used a 
combined contact resonance atomic force microscopy (CR-AFM) and ultrasonic force microscopy 
(UFM) approach to characterise and map with nanoscale spatial resolution GR membrane properties 
inaccessible to most conventional scanning probe characterisation techniques. Using a multi-layer 
GR plate (membrane) suspended over a round hole, we show that this combined approach allows 
access to the mechanical properties, internal structure and attachment geometry of the membrane 
providing information about both the supported and suspended regions of the system. We show 
that UFM allows the precise geometrical position of the supported membrane-substrate contact to 
be located and provides an indication of the local variation of its quality in the contact areas. At the 
same time, we show that by mapping the position sensitive frequency and phase response of CR-
AFM response, one can reliably quantify the membrane stiffness, and image the defects in the 
suspended area of the membrane. The phase and amplitude of experimental CR-AFM 
measurements show excellent agreement with an analytical model accounting for the resonance of 
the combined CR-AFM probe-membrane system. The combination of UFM and CR-AFM provide a 






Graphene (GR) and other two-dimensional materials (2DM’s) have drawn extensive interests 
thanks to their remarkable structures and exceptional mechanical, electrical, thermal and optical 
properties. GR in particular holds significant potential for micro and nanoelectromechanical systems 
(MEMS and NEMS) applications, transparent and flexible electrodes, optical modulators and 
nanomechanical resonators operating in classical and quantum regimes [1-5]. However, there are 
several major challenges for such devices; particularly important for NEMS applications, is the quality 
of the 2DM-substrate contact, effects of inhomogeneous in-plane stresses [6] and, for the few-layer 
and heterostructured 2DM’s, interlayer defects. To investigate and mitigate these, one needs 
matching nanoscale characterisation methods, with the ability to map nanomechanical properties, 
sensitivity to the stresses in the suspended areas, and the capability to evaluate the quality of the 
interfacial contact. While commercially available atomic force microscopy (AFM) [7-11] and optical 
detection methods [12] have been commonly used to study suspended 2D materials, the material-
substrate interaction and nanomechanical mapping across the whole NEMS structure remains 
challenging with limited reports in this area [13-15]. One promising technique is contact resonance 
AFM (CR-AFM) which has been shown to be able to detect subsurface holes under the 2DM’s 
membrane[16-18] and to measure the local stiffness of the structure [18, 19]. At the same time, these 
studies indicated that the observed shape of the 2DM structure and recorded amplitudes varied 
significantly depending on the CR-AFM operation frequency, requiring independent methods to 
determine the geometry of such 2DM’s “nano-drum”. Here we combine AFM with ultrasonic 
excitation, ultrasonic force microscopy (UFM), and a phase sensitive variable frequency CR-AFM, to 
effectively observe the quality of the interface of the “supported” graphene and the substrate, to 
obtain nanomechanical maps of the suspended GR nanodrum structures and to provide quantitative 
comparison of the nanomechanical images and theoretical models. 
2. Experimental details 
The multi-layer graphene (MLG) nanodrums were produced via transfer of mechanically exfoliated 
MLG on top of a Si/SiO2 substrate with 300 nm thermal oxide on the top. The substrate was pre-
patterned with circular holes with a diameter of 1.9 µm etched to the depth of 150 nm in SiO2 layer 
via optical lithography and CHF3/Ar reactive ion etching (see supplementary materials, SM, for the 
details). For the GR exfoliation [20], we used Gel-Pak® PF-4X film (0.5 mm thickness), with the resulting 
flakes transferred directly to the substrate. The substrate was treated in 98% Ar/2% O2 plasma 
(PlasmaPrep2, Gala Instruments) for 10 min immediately prior to the transfer, to remove organic 
contamination and increase the adhesion of the graphene to the substrate. 
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The UFM and CR-AFM measurement setup was implemented by modifying a commercial AFM 
(MultiMode with Nanoscope-VIII controller, Bruker, Santa Barbara, USA). In both modes the out-of-
plane vibration of the sample was realised by attaching it to a high frequency piezoceramic transducer 
(PI, Germany) via crystalline salol [21], with the transducer excited by a 33220A signal generator 
(Keysight, USA) (figure 1(a)). The resulting cantilever deflection signal was acquired using a custom-
made signal access box with low noise high frequency signal buffers. In CR-AFM mode, the amplitude 
and phase of the AFM cantilever deflection at the excitation frequency in the range 10-100 kHz was 
detected by the lock-in amplifier (SRS-830, Stanford Research Systems, USA). In the UFM mode, the 
sample vibration was excited at the carrier frequency fUFM in the range 4 to 5 MHz and is amplitude 
modulated using a triangular waveform at frequencies fmod between 1-5 kHz. In this mode, the lock-in 
amplifier was detecting the amplitude of the deflection at the modulation frequency fmod. As 
previously reported [21], the UFM signal at the modulation frequency is the result of nonlinear force-
vs-distance dependence of the force interaction between the probe tip and the sample, reflecting the 
local stiffness of the material under the AFM tip. In a qualitative explanation, stiffer areas of the 
sample have a higher slope of force-vs-distance dependence, resulting in a more efficient 
“rectification” of the HF signal and hence a higher UFM signal. More detailed quantitative explanation 
of UFM sensitivity is given in [22]. With the range of effective Young’s moduli ranging from 5 to 80 GPa 
(see e.g. table II in [21]), one would expect that UFM will be fully sensitive to the graphene layers on 
the substrate [23]. 
 
 
Figure 1. (a) Schematics of experimental setup for UFM and CR-AFM measurements, inset – SEM 
image of the hole in SiO2/Si substrate defined by optical lithography. (b) 3D rendering of contact AFM 
topography and (c) UFM nanomechanical image of the multilayer GR flake of 12 nm thickness over 
the hole in the substrate (fUFM =4.2 MHz). Scale bars 1.5 um. 
In both modes, a commercial contact AFM probe (ContAl-G, Budget Sensors) cantilever with the 
nominal 10 nm tip radius of curvature was used. The spring constant of the cantilever was measured 
using “Sader method” [24] to provide kc = 0.184 N m-1, matching the data obtained by the thermal 
4 
 
calibration method implemented by the AFM manufacturer (Bruker). In CR-AFM mode, the cantilever 
is brought into contact with the stiff material (SiO2/Si substrate) resulting in an increase in the free 
cantilever resonance frequency of f0=13 kHz to contact resonance frequency fCR-R = 64.6 kHz (in the 
contact with the substrate in the absence of lateral scanning). In order to find this contact resonance 
frequency we performed frequency sweeps obtaining the maximum amplitude of the oscillatory 
deflection signal. 
 
3. Results and discussion 
Both UFM and CR-AFM use dynamic approaches for mapping the mechanical properties of the GR 
membrane; hence, the first question is, what membrane properties are measured? First, we estimate 
the resonance frequencies of mechanical resonators based on suspended MLG flakes; these depend 
on GR Young’s Modulus, Es; Poisson’s ratio, νs; density, ρs; pre-tension, T, as well as the flake thickness, 
t, and the radius of the suspended area, R. For the resonators made by graphene monolayer the 
tension usually dominates as their bending rigidity is insignificant comparing with one produced by 
the tension [6, 7, 12]. However, for the resonator based on thicker MLG flakes, the minimal resonance 
frequency at zero tension is determined by the circular plate behaviour, with tension further 










                                                                    (1) 
For MLG flake with the dimensions presented in figures 1 and 2, the fundamental resonance 
frequency is fp~138 MHz. This is several orders or magnitude higher than the frequencies of both CR-
AFM (10-100 kHz) and UFM (4-5 MHz), used in our experiments, and therefore we can considere the 
GR membrane as a spring, neglecting its mass, allowing to use the formalism reported elsewhere [26-
28] to describe the dynamics of the cantilever terminated with the spring. As we see later in the 
theoretical analysis section, the cantilever-sample system can be modelled as a cantilever supported 
at the free end by a spring, with respective kc and ks cantilever and sample stiffness, ks = dF/dz where 
F is the force experienced by the cantilever and z is the deflection of the plate from the equilibrium 
measured at the point of contact [29, 30]. Therefore, as a good approximation, we can consider that 
both UFM and CR-AFM are measuring a local stiffness of the membrane. With UFM being essentially 
an off-resonance method known to monotonously map the stiffness to the amplitude to the signal 
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[21], the CR-AFM due to its resonance nature [17, 18] provides more complicated response that we 
first investigate experimentally and then theoretically analyse comparing these studies. 
The combination of AFM and high frequency excitation increases the sensitivity of the 
measurement setup to the mechanical properties compared to the standard force-distance 
spectroscopy and its option Peak ForceTM. These allowed mapping of the entire sample area, with true 
nanoscale spatial resolution and, in the case of UFM, eliminating friction [31] providing a non-
destructive approach especially valuable when the supported sample is investigated. Figure 1 b, c) 
shows a typical topography and UFM images of the GR flake spanning the hole in the Si/SiO2 substrate 
(inset in figure 1a), with the UFM image showing a well-defined hole in the supported area. Figure 2 
compares topography, UFM and CR-AFM modes for this flake. CR-AFM uses the resonance frequency 
of the cantilever in contact with the sample while scanning across the sample, to quantify the sample 
contact stiffness, ks using analytical approaches described elsewhere [26, 32]. In both methods the ks 
is probed by the AFM cantilever that can be in the minimal approximation represented as a spring kc 
and effective mass m* as schematically illustrated in the figure 2 c) with changes in ks affecting the 
measured amplitude (UFM) or a frequency dependent response (CR-AFM). The detailed analysis of 
this measurement in application to the GR flake is presented in the theoretical part of this section. 
Figure 2(a) shows the topography of the test sample with the 12 nm MLG flake deposited over the 
hole. In the topography image, the hole β is barely observed as the smooth depression on the surface 
of MLG (arrow). The UFM nanomechanical image figure 2(b) clearly delineates the boundary of the 
hole corresponding to the edge between the lower stiffness (denoted by L in the figure 2 f) suspended 
region β and supported area α of higher stiffness (H, figure 2 f) enabling high precision measurements 
of the geometry of the membrane boundary (radius R=940± 5 nm in this structure). UFM also reveals 
neighbouring defects γ and γ‘ that show in the topography image as bulges of variable height, resulting 
in the weaker MLG – substrate interaction and interfacial defects and reducing contact stiffness 
(darker contrast in figure 2(b)), with the similar contrast to delaminations reported elsewhere [33]. It 
is interesting to note that the defects that has the internal particle show in UFM with the bright (higher 
stiffness) area inside the defect (γ‘) while defects without such particle (γ) have uniform low stiffness, 
as schematically illustrated in the figure 2 i). While UFM has superior contrast to the high stiffness 
(supported) areas of GR nanostructures, it is not sensitive to the variations of the contact stiffness 
within the suspended membrane area, which in this case is below the UFM sensitivity range of 102 to 
105 N m-1 [22, 34]. It should be noted, though, that for 2D membranes of smaller dimensions and/or 
larger thickness, the UFM may become directly sensitive to the properties of the suspended areas as 
well as seen from the ψ and γ‘. In the case of our nanostructure, to map and quantify its stiffness, we 
used CR-AFM that provided an excellent mechanical contrast in the suspended areas. Figure 2 panels 
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(d,e,g,h,j,k) shows a set of the CR-AFM amplitude and phase images obtained by detection of 
amplitude and phase of the cantilever deflection at the different sample excitation frequencies fCR 
[35]. For reference, the topography and UFM image of the same area are provided in the panels (a) 
and (b). While CR-AFM demonstrates excellent contrast to the suspended area of the membrane and 
to the supported areas of the MLG, one can see that both the contrast, shape, and dimensions of the 












Figure 2. (a) AFM topography and (b) UFM map of the 12 nm thick MLG flake on the substrate with 
the hole (arrow) with R=940 nm. (d,e,g,h,j,k) Set of the CR-AFM amplitude and phase maps of the 
same area (d-e) at 30.8 kHz, (g-h) 57.0 kHz, and (j-k) 66.6 kHz. Greek letters show different features 
of the structure: α - supported GR membrane, β, β’ –suspended membrane areas above the hole, 
γ, γ’ - delaminated or weakly supported areas, δ, δ’ – areas of contrast potentially linked with the 
subsurface defects in the membrane, c, f, i, l) schematics of the nanomechanical features observed 
in the CR-AFM and UFM: c) simplified diagramme of the interaction of dynamic AFM and the sample, 
f) expected nanomechanical contrast in the α, β and β‘ areas around the hole, H and L denoting high 
and low stiffess, respectively, i) schematics of the nanomechanical contrast in γ and γ’ features, and 
l) diagram explaining expected amplitude and phase of CR-AFM response in the area of high (H) and 









































































In figure 2 we compare three sets of the CR-AFM phase and amplitude response for the excitation 
frequency around the tip-substrate contact resonance frequency (fCR-R=64.6 kHz).  
A CR-AFM image at fCR=66.6 kHz (figure 2(d,e)) shows the hole (β) as a uniformly dark area 
surrounded by the bright (high amplitude) substrate (β), as would be expected as frequency 
corresponds to the resonance of the cantilever-tip in contact with the substrate. The hole is similar to 
the UFM image in size, whereas the phase is presented as a concentric bright halo around the darker 
hole. The amplitude images are generally similar to ones reported by Ma et al [16] including the area 
of the delaminations γ and γ’ as they affect the resonance conditions, whereas phase images that show 
variations similar to the UFM image, although with opposite contrast, require more detailed analysis. 
At lower frequency fCR=57.0 kHz (figure 2 g,h) both amplitude and phase CR-AFM clearly shows the 
similar donut-shaped hole, with lower stiffness of the GR membrane in the suspended areas β, 
suggests lower resonance frequency, that explains the generally brighter contrast of these areas at 
the lower excitation frequency as indicated in figure 2 l). Surprisingly, the apparent diameter of the 
hole is now reduced diameter with a clear β’ segment (bright in the amplitude and dark in the phase 
image) running at 45o across the hole. Given absence of the linked topographical features on the 
surface of the membrane, that is likely to be attributed to the change of the membrane thickness at 
the back side of the membrane in the β’ area. Interesting that amplitude CR-AFM image in the figure 
2 d) indicates a faint line across the hole coinciding with the β-β’ boundary. Finally, the fdr=30.8 kHz 
amplitude image (figure 2 j)) shows the hole as a donut-shaped bright area with a darker central area 
(β), whereas the phase image (figure 2 k)) has practically no contrast to the hole. At the same time, 
both amplitude and phase images clearly show the internal structure of the membrane (δ, δ’) not 
visualised in the topography, UFM or CR-AFM at other frequencies. Given the shape of the features 
and the absence of the contrast in the topographical image (sensitive to the surface features) and in 
UFM (that would be most sensitive to sample – interface contact [13]) these might be interpreted as 
internal cracks ore extra planes in the MLG flake which induces a change in the stiffness of this 
particular area, possibly accounting for shear forces contribution to the CR-AFM signal. Overall, while 
the rich contrast obtained in CR-AFM for such GR nanostructure is outstanding, and the ability to 
observe subsurface features corresponds to the one reported by the variable frequency AFM imaging 
of cellulose fibres [36], the strong qualitative and quantitative dependence of the contrast on the 
excitation frequency requires more detailed experimental studies and matching analysis to help with 
the interpretation of the CR-AFM data. 
In order to consistently analyse the frequency dependent response of CR-AFM, we obtained a set 
of one dimensional scans – profiles along the single line shown in figure 2(b), while changing the 
frequency in 1 kHz steps from 50 to 69 kHz that includes the reference, fCR, (stiff sample). By continuing 
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acquisition of the amplitude and phase signal, we collected the two-dimensional amplitude and phase 
– vs position/ frequency graphs, correspondingly, A(r, fdr) and A(φ, fdr), as shown in figure 3 where the 
horizontal axis is the position of the probe across the hole, r, and vertical – the driving frequency fdr, 
whereas the brightness corresponds to the amplitude or phase of the CR-AFM. 
 
Figure 3. Plot of the CR-AFM response as the function of the position r across the hole 
(horizontal axis, r) and frequency (vertical axis, fdr) with (a) amplitude A as the function 
of A(r,fdr) and (b) φ(r,fdr) phase profile at driving frequency fdr changing from 50 to 69 
kHz in 1 kHz steps. 
As we can see, the apparent “diameter” of the hole as seen by the CR-AFM is varied from the 
largest at 𝑓𝑓𝑑𝑑𝑑𝑑 = 𝑓𝑓𝐶𝐶𝐶𝐶−𝐶𝐶  to significantly reduced at lower driving frequencies (𝑓𝑓𝑑𝑑𝑑𝑑 < 𝑓𝑓𝐶𝐶𝐶𝐶−𝐶𝐶). Also, the 
second maximum (arrow in the figure 3(a)) that would create a “ring” in the x-y image, appeared in 
the amplitude CR-AFM at the frequencies 𝑓𝑓𝑑𝑑𝑑𝑑 < fCR-R. These phenomena can be qualitatively explained 
by the changing of contact stiffness of the tip-membrane contact that is the lowest in the centre and 
the largest at the periphery approaching “infinite” stiffness for the supported MLG layer. It is known 
that the resonance frequency of the cantilever-tip in contact with the membrane decreases with the 
decrease of its stiffness [26, 32]. Therefore the condition for the resonance for the decreased driving 
frequency fCR are satisfied in the more central area of the membrane away from its border, resulting 
in the smaller diameter of the membrane, creating a bright ring at the position where the resonance 
occurs. In order to better understand and quantify our observations, we have used the analytical and 
modelling approach described below. 








= 0  where 
Ec is the Young’s Modulus, ρc is the density, h is the thickness of the cantilever and x-z are the 
coordinates according the sketch in the figure 1(a). With density and Young’s modulus of Si known, 
the length of the cantilever can be easily determined, by the optical microscope image, allowing to 
use Sader method providing cantilever stiffness kc = 0.184±0.008 N m-1 that allows us to estimate the 











cantilever in the contact with the samples of varied sample stiffness ks (see SM section SM3 for the 
derivation of this dependence). By substituting the values for the free cantilever, ks→0, and 
experimentally obtained resonance frequency: f0=13.8 kHz and the experimentally obtained CR-AFM 
frequency for the Si/SiO2 substrate that can be presented as infinitely stiff for the fundamental mode 
of the contact resonance [26], ks→∞, in the substrate area of fCR-R = 64.6kHz, we obtain the CR-AFM 
response curve in figure 4. This curve 4 relates the resonant frequency of the cantilever with the ratio 
between the stiffness of the sample and the cantilever (kc/ks). We used high precision measurements 
of contact stiffness using a force modulation approach. It uses a ratio of the low frequency (2.7 kHz) 
quasi-static response of AFM in supported and suspended areas as described elsewhere [11]. Using 
this, we found that the stiffness of the sample in the centre of the membrane to be 
ks = 2.15±0.008 N m-1. By substituting this value in the equations in the SM section SM3 (graphically 
represented in Figure 4), we expect the resonance in the centre of the membrane to be around 45 kHz 
that corresponds well to the images in Figure 2, showing a brighter contrast of the membrane central 
area. 
 
Figure 4. Resonant frequency for the CR-AFM fCR for the first contact 
resonance mode (n=1) as a function of the cantilever-sample stiffness 
ration kc/ks. 
In the case of a circular plate, the stiffness of the sample probed by the AFM tip depends on the 
distance from the centre of the plate to the contact point, as well as on the boundary conditions at 
the edge of the MLG flake. It is useful to estimate the possibility of shear stresses occurring during the 
CR-AFM measurement affecting the measurements and hence, data interpretation. We therefore 
calculated the maximal shear stresses in the MLG plate using final elements analysis (see SI, section 4 
and Figure S1). We found that the maximal shear stress in all direction was below 1.5×107 N m-2 for 



















the typical maximal force applied to the AFM tip of 50 nN. These values are an order of magnitude 
smaller than typical shear strength between GR layers required for the sliding of 1.5-1.8×108 N m-2 [37, 
38]. Given that the modulation of the shear stress is at most 10% of the permanent shear stress, we 
conclude that interlayer sliding should not occur in the AFM measurements confirming considerations 
elsewhere [7, 8, 39]. 
For the circular plate the two typical boundary conditions are – a) simply supported at the single 
circular line around the hole rim resulting in no bending moment applied to the plate at the edges 
(figure 5(a)) and b) - clamped when the edges of the plate are forced to be kept parallel to edges of 
the substrate surface (figure 5(b)). In the first case, the distribution of the stiffness as a function of 




                                                                                                (2) 






(𝑟𝑟3 − 𝑏𝑏0𝑎𝑎𝑟𝑟2 + 𝑐𝑐0𝑎𝑎3);        𝑏𝑏0 =
3(2 + 𝜈𝜈𝑠𝑠)
2(1 + 𝜈𝜈𝑠𝑠)
 ;           𝑐𝑐0 =
4 + 𝜈𝜈𝑠𝑠
2(1 + 𝜈𝜈𝑠𝑠)
               (3)  




In case of MLG flake clamped in the edges (figure 5(b)), the reference [40] provides stiffness 




                                                                                   (4) 
In the centre of the plate the stiffness is then expressed as 𝑘𝑘𝑠𝑠(𝑟𝑟 = 0) = 16𝜋𝜋𝜋𝜋 𝑎𝑎2⁄ . By substituting 
the parameters of the flake into the equation and using the in-plane Young’s modulus of graphene of 
1 TPa [41], we obtain the calculated value of the stiffness in the centre of the plate of ks = 5.94 N m-1, 
that is more than twice the experimental one, ks = 2.15±0.008 N m-1 measured using the force 
modulation method explained above. At the same time, for the simply supported plate, the stiffness 
in the centre will be expressed as 
𝑘𝑘𝑠𝑠(𝑟𝑟 = 0) =
9𝜋𝜋𝜋𝜋(5 + 𝜈𝜈𝑠𝑠)
2𝑐𝑐02𝑎𝑎2(1 + 𝜈𝜈𝑠𝑠)
                                                                          (5) 
12 
 
resulting in calculated ks(r=0)=2.35 N m-1. We can therefore conclude that the simply supported 
model has better fit with the experimental results. 
 
 
Figure 5. Two typical boundary conditions for the plate 
suspended over circular hole – (a) simply supported edges and 
(b) clamped edges. 
The equations 2 and 3 together with the relation presented in the figure 4 (with the corresponding 
equations in SI) allow to link the resonant frequency fCR and the stiffness of the membrane with the 
spatial position (the radius from the centre where the probe is located) where the maximum 
amplitude is located. We can further extend this analysis by considering the amplitude and phase of a 
cantilever as driven damped simple harmonic oscillator with the resonance frequency calculated by 
the approach defined above. In this case, the amplitude A and phase 𝜑𝜑 of the response of the 
cantilever are expressed as 
𝐴𝐴 =
𝐴𝐴0[𝜔𝜔𝐶𝐶𝐶𝐶(𝑟𝑟)]2
�([𝜔𝜔𝐶𝐶𝐶𝐶(𝑟𝑟)]2 − 𝜔𝜔𝑑𝑑𝑑𝑑2 )2 +
𝜔𝜔𝑑𝑑𝑑𝑑2
[𝜔𝜔𝐶𝐶𝐶𝐶(𝑟𝑟)]2𝑄𝑄
;         𝜑𝜑 = tan−1
𝜔𝜔𝐶𝐶𝐶𝐶(𝑟𝑟)𝜔𝜔𝑑𝑑𝑑𝑑
𝑄𝑄([𝜔𝜔𝐶𝐶𝐶𝐶(𝑟𝑟)]2 − 𝜔𝜔𝑑𝑑𝑑𝑑2 )
                              (6) 
where A0 is the amplitude in the resonance, ωCR(r)=2πfCR(r) is the circular resonance frequency of 
the cantilever in the contact that depends on the position r, and ωdr=2πfdr is the circular driving 
frequency, and Q is the quality factor of the cantilever in the contact. Using this formalism, we can 
now simulate the amplitude dependence of the CR-AFM A(r,fdr) that was presented in figure 3(a) and 
compare it to the experimental data. The results of this simulation are presented in figure 6(a,b) and 
show an excellent agreement between the model and the experimental measurements. As one can 
see, at fdr close to the frequency of contact resonance of the supported MLG fCR-R (65 kHz, figure 6(d)) 
all suspended areas have low response, whereas at the frequency below fCR-R (62 kHz, figure 6(c)) the 









2(g). Essentially, by comparing the resonance frequency of the supported and the suspended areas 
figure 6(e), the modelling presented in the figure 4, and calibrated cantilever stiffness, allows one to 
directly determine the ratio of MLG plate stiffness in this point to the cantilever stiffness ks/kc=231 
resulting in the membrane stiffness in this point of 42.7±0.2 N m-1. This figure also demonstrates that 
the amplitude in the supported area is higher than the one in the centre of the membrane at 66 kHz 
while becoming lower at excitation frequencies below 65 kHz cross-over frequency. It is useful to note 
that CR-AFM is well suited for mapping and quantitative measurements if stiffness of stiffer 
membranes that becomes valuable for smaller sub-um dimensions MEMS structures of 2D materials. 
By using real-time mapping of the resonance frequency at each point of the sample during scan 
(similar to approach used in the piezo-force microscopy [42]) and analysis above, it is possible to 
produce high precision stiffness maps allowing direct interpretation of the internal structure in the 






Figure 6 (a) Modeling of the amplitude response A(r,fdr) of the CR-AFM as the function of the radius from the 
centre of the plate and the driving frequency fdr for the 50 to 69 kHz frequency range, (b) experimental CR-AFM 
data of the A(r,fdr) response for the same frequency range. (c, d) comparison of the simulated and measured 
one-dimensional profiles A(r) at the frequencies below and above contact resonance frequency for the solid 
contact. (e) Experimentally measured CR-AFM response in the area of the suspended MLG plate vs supported 
graphene, the frequency shift allows precisely determine the stiffness of the GR membrane in the particular 
point. 
 


























































In summary, here we use the combination of the low and high frequency excitation dynamic force 
microscopy in the frequency range from 10 kHz to 5 MHz to investigate the details of the 
nanomechanical behaviour of the multilayer graphene plate suspended on the micromachined 
substrate. In particular, the high frequency UFM mapping allowed precise determination of the 
geometry of the suspended region even for the relatively thick plate, as well as observation of the 
faults at the MLG-substrate interface. By building an analytical model of the CR-AFM in application to 
the elastically deformed circular plate, we were able to perform absolute measurements of the 
mechanical stiffness of the 2D material nanostructure and to interpret the novel contrast phenomena 
specific to the 2D materials. The excellent agreement between the experimental and modelling data 
and high sensitivity of the method to the internal structure of MLG opens a great possibility to 
investigate multilayer heterostructures of 2D materials, and the 2D material –substrate interface. 
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  𝑧 𝐶 sin 𝜔𝑡 𝛿 Φ 𝑥   (4) 
with 
 


























𝛼 𝑃 𝛼 𝑄 𝛼   (7) 
where P(α) and Q(α) are defined as 
  𝑃 𝛼 1 cos𝛼 cosh𝛼  (8) 
  𝑄 𝛼 cos𝛼 sinh𝛼 sin𝛼 cosh𝛼  (9) 
Solving numerically  the  equations  8  and  9,  for  the boundary  conditions below of  the  relation 
between the stiffness of the sample and the cantilever, we calculated the value of α = 3.92. 
  𝑘 ≪ 𝑘 ⇒ 𝑃 𝛼 → 0  (10) 
  𝑘 ≪ 𝑘 ⇒ 𝑄 𝛼 → 0  (11) 










the  second one  is  corresponding with  the probing point  in  the  supported multilayer graphene 
(MLG) ks→∞, fsubstrate = 64.6 kHz. 





results, we have calculated  the maximal  local shear stresses  in  the membrane using  final element 
analysis (FEA) software  (COMSOL, solid mechanics module) under the typical forces applied by the 
AFM tip. 
 
Figure S1. FEA modelling of the stresses in the 10 nm GR membrane on the 1.9 um opening under 
50 nN force applied to the AFM tip. 
We found that the maximal shear stress was below 1.5×107 N m‐2 that  is an order of magnitude 
smaller than typical shear strength between GR layers required for the sliding reported to be on the 
order of 1.5‐1.8×108 N m‐2 [2, 3]. 
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